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Manganese- and Iron-Dependent Marine Methane Oxidation 
Emily J. Beal, Christopher H. House, Victoria J. Orphan 
 
Materials and Methods 
 
Sampling 
Sediment samples were taken from two cruises to the Eel River Basin, one from July to 
August 2005 (R/V Western Flyer) and the second in September 2006 (R/V Atlantis).  The 
samples used in the manganese experiments are from the first cruise: dive T-866 PC-42 (mat, 0-
10 cm) and T-866 PC-73 (mat, 0-10 cm).  The samples used in the iron experiments are from the 
second cruise: Dive A4254 PC 11 (mat, 0-6 cm) and PC-100 (Calyptogena clam, 0-12 cm).  
Sediment was sealed in mylar bags with argon on the ship and was refrigerated until use.  
Sediment used in the nitrate and ferric oxyhydroxide experiments was stored at 10º C for 6 
months in sealed anaerobic mylar bags before incubation.  Sediment for the birnessite and 
ferrihydrite experiments was stored at 10º C for 12 months in sealed anaerobic mylar bags before 
incubation.  
 
Metal Synthesis 
Ferric oxyhydroxide was synthesized by neutralizing a 0.4 M solution of FeCl3 with 
sodium hydroxide (S1).  Birnessite synthesis followed the protocol of Golden et al. (S2)  2-line 
Ferrihydrite was synthesized using the protocol in Cornell and Schwertmann (S3).   Birnessite 
and ferrihydrite were sterilized using ethanol and were never autoclaved. 
 
Incubations 
Artificial sulfate-free seawater was made following the recipe of Lyman and Fleming 
(S4).  Seawater was degassed with N2/CO2 and reduced with 0.5 g/L Na2S·9H20. FeCl2 was 
added in 1:1 stoichiometic ratio to the sulfide to precipitate all of the added sulfide and then the 
artificial seawater was autoclaved.  The FeS was allowed to settle before use of the seawater so 
as to minimize the amount of sulfide added to the incubations.  10 mL of homogenized sediment 
was distributed to 120 mL culture bottles containing 30 mL of artificial seawater.  Triplicate 
incubations were given sulfate (5 mM), birnessite (10 mM), ferrihydrite (10 mM), nitrate (5 
mM), ferric oxyhydroxide (10 mM), or no provided electron acceptor.  The headspace of the 
bottles was then filled with 2.5 bars methane.  35 mL of CO2 and 6 mL 13C-CH4 was injected 
into the headspace.  Isotope analysis of the CO2 followed the same procedure used for similar 
studies (S5, S6).   After ~7 months of incubation for the birnessite experiments, the headspace 
was vacuumed and a new headspace (with the same proportions of CO2, 13C-CH4, and CH4) was 
added to all of these bottles.  The data in the figures starts at the time the new headspace was 
added and are normalized to the 13FCO2 values at this time.  This makes for a total of 10 months 
that each bottle in the birnessite experiments was incubated.  The ferrihydrite experiments also 
were given a new headspace (as described with the manganese experiments) after 5 months.  The 
data shown the in the ferrihydrite figures begins at the time when the new headspace was added 
and the data is normalized to this starting time point.  We changed the headspace in both the 
birnessite and ferrihydrite experiments, and thus created a new beginning to the experiments, 
after months of incubation to ensure that any residual sulfate in the mud had been consumed at 
the start of our experiments.  Additional sulfate was injected into the sulfate incubations, and 
birnessite and ferrihydrite into their respective incubations when the headspace was changed. 
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Free Energy Calculations 
 The in situ conditions used in the free energy calculation for the manganese experiments 
are: [MnO2] = 10 mM, [Mn2+] = 0.2 mM, [H+] = 10-8 mM, [HCO3-] =11 mM, [CH4] = 1.5 mM. 
The in situ conditions used in the free energy calculation for the iron experiments are: [Fe(OH)3] 
= 10 mM, [Fe2+] = 10 mM, [H+] = 10-8 mM, [HCO3-] =11 mM, [CH4] = 1.5 mM.   The in situ 
conditions used in the free energy calculations for the sulfate incubations are: [SO42-] = 5 mM, 
[HS-] =2 mM, [H+] = 10-8 mM, [HCO3-] =11 mM, and [CH4] = 1.5 mM.  Concentration of 
MnO2, SO42-, Fe(OH)3, HS- are based on the amount of each of these species added at the start of 
the incubations.  The values for Mn2+ and Fe2+ are based averaged measured values of starting 
concentrations of these species.  Values of HCO3- and CH4 were calculated using Henry’s law.  
The value for H+ concentration comes from pH measurements of the incubations. We estimate 
that each of the incubations contain 7 cm3 of sediment.  The temperature in the free energy 
calculations was 10º C for both experiments.   
 
 
Dissolved manganese and iron measurements 
 1 mL of sample from the incubation was taken for dissolved manganese measurements.  
This sample was immediately acidified to pH 2 using HCL, and filtered on a 2 μm filter.  
Dissolved manganese was then measured on a Leeman Labs PS3000UV ICP (inductively 
coupled plasma emission spectrometer).  0.5 mL samples were taken for dissolved iron 
measurements and acidified to pH 2 using HCL and then centrifuged for 5 minutes at 14,000 rpm 
to remove sediment. Dissolved iron was measured using the ferrozine assay (S7). 
 
Clone libraries/Phylogenetic Analysis 
Samples were taken from the starting sediment used in all incubations as well as at the end of the 
experiments (which corresponds to a total of ~10 months of incubation).  Bacterial primers 27F 
5-’AGAGTTTGATCCTGGC-3’ and 1492R 5’-GGTTACCTTGTTACG-3’, archaeal primers 
21F 5’-TTCCGGTTGATCCYGCCGGA-3’ and 958R 5’-YCCGGCGTTGAMTCCAATT-3’ 
mcrA primer sequences are mcrA forward 5’-GGTGGTGTMGGATTCACACAR-3’ and mcrA 
reverse 5’-TCATTGCRTAGTTWGGRTAGTT-3’ (S8) were used in PCR amplification of DNA 
using PuRe Taq Ready-to-Go PCR beads (GE Healthcare).  Amplification conditions for 
archaeal PCR are initial melting at 94º for 5 min, followed by 30 cycles of 94º for 1 min, 58º for 
1 min, and 72º for 1.74 min, ending in a final elongation at 72º for 20 min, bacterial PCR 
conditions are described in (S9) and for mcrA in Moran et al. (S6).  DNA extraction, cloning and 
sequencing was performed as described by Moran et al. (S5).  Archaea were classified based on 
the classification presented in Knittel et al. (2004) (S10).  Possible metabolisms for bacteria were 
based on phylogenetic association of clones determined using the greengenes classify tool 
(http://greengenes.lbl.gov) as well as BLAST hits using the NCBI webpage 
(http://blast.ncbi.nlm.nih.gov/Blast.cgi.  Bacterial neighbor joining trees were constructed using 
PAUP. Closest sequences to our mcrA sequences were found using BLAST and identified using 
mcrA sequences that had already been classified (S11).  We screened 46 archaeal, 47 bacterial, 
46 mcrA and clones from the original sediment, 24 archaeal, 23 bacteria and 24 mcrA clones 
from the live control, 31 archaeal, 31 bacterial, and 32 mcrA clones from the manganese 
incubations, and 23 archaeal, 24 bacterial, and 24 mcrA clones from the sulfate incubations. 
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Text 
 
Additional manganese and iron sources to the Eel River Basin (ERB) 
Aeolian dust deposition to ocean basins is estimated at 1000 – 2000 Tg/yr (S12).  If dust 
composition reflects the composition of the Earth, it can be estimated that 50 - 100 Tg/yr of iron 
and 1 - 2 Tg/yr manganese are deposited to oceans. This is a significant amount of both iron and 
manganese, but it is about of an order of magnitude less than the riverine input.  The Gorda 
Ridge has the potential to deliver an additional source of both iron and manganese to the ERB.  It 
is estimated that hydrothermal sources release 0.6 – 1.9 Tg dissolved manganese and 1.3 -11 Tg 
dissolved iron into oceans (S13), which, once oxidized, has the oxidative potential to consume 
0.03 % – 0.7 % of methane globally consumed by AOM today.  Although this amount of 
oxidative potential seems very small, especially compared to riverine input, iron and manganese 
can be oxidized and reduced 100 – 300 times before being buried (S14).  Thus, the hydrothermal 
flux of iron and manganese into the oceans has the ability to oxidize significantly more methane 
than a direct stoichiometric relationship would imply. 
 
Presence of dissolved manganese 
The incubations with birnessite show an increase in the amount of dissolved manganese 
with time.  They also have a greater amount of dissolved manganese than the autoclaved control, 
which shows no change in dissolved manganese with time.  The live controls, with no electron 
acceptor addition, show no measurable dissolved manganese.  The concentration of dissolved 
mangnaese only increases by approximately 5 μM, which is ½0 of what one would expect to see 
based on stoichiometric calculations.  However, one expects that most of the dissolved manganese 
in our incubations will precipitate as manganese carbonates (such as rhodochrosite) (S15).  If the 
precipitation of manganese carbonates is taken into account, the lower concentration of dissolved 
manganese observed in the incubations is not surprising.  Similarly, it is expected that iron 
carbonates (such as siderite) (S15) will precipitate in our incubations as ferrihydrite is reduced.  
Thus, we would also expect to see a small change in the amount of dissolved iron in our cultures.  
The starting concentration of dissolved iron was 10 mM and thus the expected change of the 
dissolved iron concentration (on the order of a few μM) is only a few tenths of a percent change.  It 
is likely for this reason that we did not observe a significant increase in dissolved iron in the 
ferrihydrite incubations. 
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Supporting Figures and Legends 
 
 
 
 
 
 
Figure S1. 13C enrichment of CO2 reported in 
13FCO2 (
13C/13C+12C) values and converted to moles methane 
oxidized. The incubations with ferric oxyhydroxide, nitrate, and nitrate with sulfate oxidize less methane 
than the live control (sulfate free, no provided electron acceptor), indicating that ferric oxyhydroxide 
and nitrate cannot be used as an electron acceptor in AOM. In addition, because there is no methane 
oxidation with nitrate and sulfate, these data indicate that nitrate inhibits AOM. Sediment was stored at 
10º C for 12 months in sealed anaerobic mylar bags before incubation. Error bars represent the range of 
data from the triplicate incubations. 
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Figure S2.  Percentages of archaeal clones from the initial sediment, live control, manganese, and sulfate 
incubations, based on 16S rRNA and the mcrA gene (insert). MBGD=Marine Benthic Group D, 
MBGB=Marine Benthic Group B, MBGC=Marine Benthic Group C. The starting sediment was stored 
anaerobically for approximately a year before it was used, and therefore this microbial characterization 
does not accurately reflect the proportions of archaea when it was sampled from the Eel River Basin. 
 
 
Figure S3. (Shown on pg. 6)  Neighbor joining phylogentic tree of bacterial clones associated with the 
manganese incubations (Mn3b‐B clones). Phylogenetic analysis included the top BLAST matches and 
other nearest neighbors (with emphasis on metal‐associated sequences). 
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